Abstract. Neutron production induced by (α,n) reactions is important in various scenarios.
Introduction
Calculations of the neutron production induced by α-decay through (α,n) reactions are required in various fields. One such field is that of nuclear power technologies, in which the production of neutrons by actinide α-decay plays an important role in various scenarios, such as the treatment of fresh and spent fuel [1] , nuclear safeguards [2] or radiological protection [3] . Another relevant example is given by the rare-events search experiments carried out in underground laboratories, which need to reach extremely low background conditions, minimizing signals from cosmic rays and natural radioactivity. Materials with very low radioactive contaminants (ppb or less) are typically used for the detector construction. However, some radioactivity is inevitably always present, which leads to the production of neutrons, among other particles. These neutrons can be produced by spontaneous fission, βn-decay, or by (α,n) reactions initiated by α particles from the decay of nuclei belonging to the natural uranium and thorium decay chains. These reactions are especially important in underground dark matter experiments aimed at detecting Weakly Interacting Massive Particles (WIMPs) [4] . The hypothetical WIMPs are expected to be detected through their elastic recoils with ordinary matter via nuclear interactions. Neutrons with energies on the MeV scale, originated by natural uranium and thorium contamination in the detector materials, can mimic the physics signal producing nuclear scatterings in the same energy range of interest of the WIMP search. This neutron-induced irreducible background is the limiting factor for the sensitivity of the current generation of dark matter direct search experiments [5] .
There are various codes specifically developed to calculate neutron yields and energy spectra from (α,n) reactions induced by α-decay. Some of them are NeuCBOT [6] , SOURCES [7] , NEDIS [8] and an application developed by the University of South Dakota (USA), here refered as the USD code [9] .
All these codes work in a similar way. They start with a given list of α particle energies or α-emitting nuclei. In the second case they use decay data tables to obtain the total amount and energy spectra of the initial α particles. Then, they use neutron production cross sections and stopping power data tables to calculate the neutron yields, Y , given by
produced in each reaction channel, and ε(E) the stopping cross section of the material considered. The last two variables depend on the α-energy E. Finally, the neutron energy spectra is obtained either assuming an isotropic neutron angular distribution in the center-of-mass system (SOURCES) or from data tables (rest of the codes).
Until recently, the general-purpose radiation transport simulation codes Geant4 [10, 11] , standard MCNP [12] and FLUKA [13] were not able to perform these calculations with the same accuracy. The limitation come from the difficulty of realistically modeling the low energy (α,n) reactions. Since version 10.2, released in 2015, Geant4 has incorporated the so called ParticleHP module, which is able to use data libraries originally written in ENDF-6 format [14] to manage the non-elastic nuclear reactions of low energy (<200 MeV) charged particles [15] . These data libraries contain information describing nuclear interactions, in particular reaction cross sections and secondary particle production. This allows, in principle, to model (α,n) reactions with a higher accuracy than that given by the theoretical models implemented in the code. We have investigated the performance of Geant4, using the ParticleHP module, when calculating neutron yields and energy spectra induced by α-decay. In this paper we present the results of our study.
The procedure to calculate the neutron production with Geant4 is rather different than in the aforementioned codes. Instead of evaluating the expression given in Eq. 1.1 Geant4 performs an explicit transport of the incident α particles through the material. Neutrons are then generated one by one as the nuclear reactions take place. For this reason, a much longer computation time is required by Geant4 than by the other codes, even when biasing techniques are applied. However, this fact is not considered an important issue in most practical cases. On the other hand, Geant4 present some advantages: it allows to integrate in the same simulation both the neutron generation and the neutron transport; it permits to simulate much more complex geometries than the other codes, improving significantly the behaviour at the interfaces between different materials; and, in some specific cases (depending on the information present in the data library used), Geant4 is also able to generate neutrons and γ-rays in coincidence, as well as other secondary particles emitted in the same nuclear reaction, a fundamental feature in order to fully exploit the tagging of the neutron-induced nuclear recoil.
The calculations presented in this paper are performed with a modified version of geant4.10.4.p01 (version of February 2018), which is able to take into account new features in the incident α data libraries. These modifications will be included in the geant4.10.6 version.
The results of our study are presented organized in three different sections. In Section 2 we show a verification study performed to investigate whether Geant4 provides the results expected from the incident α particle data libraries. Section 3 is devoted to present the available incident-α ENDF-6 format data libraries and the differences among them. Finally, we compare the results obtained with Geant4 and other codes to available experimental data in Section 4.
Verification of Geant4
Three ingredients are needed for the calculation of neutron yields and energy spectra induced by (α,n) reactions: (i) a model for simulating the energy loss due to electromagnetic (EM) interactions of the α particles, (ii) nuclear reaction cross sections and (iii) secondary-neutron energy and angular distributions. We have built a Geant4 application which uses the EM processes implemented in Geant4 for simulating the energy loss, and neutron production cross sections and secondary particle production from ENDF-6 format data libraries. The aim of our study is to verify that the neutron yields and energy spectra produced by Geant4 are in agreement with the information present in the libraries.
In this application, α particles of a given initial energy are transported inside a single volume, made of a given material, large enough so they do not escape. Two histograms are generated in each simulation: one with the secondary neutron energy spectrum and the other with the α particle flux inside the volume. Secondary particles are killed when created, to ensure that all neutrons are created by (α,Xn) reactions. We use the G4EmStandardPhysics option4 package for modeling the EM processes, which takes the stopping powers from the ICRU 49 report [16] below 8 MeV and the Bethe-Bloch formula above. To control the level of detail in which the transport of the α particles is carried out, we use the G4UserLimits class to define a maximum allowed step length, S max . Elastic and non-elastic nuclear interactions are modeled with the G4HadronElasticPhysics and the G4ParticleHP packages, respectively. Various ENDF-6 format incident α particle data libraries are converted into the Geant4 format with the same tool [17] used to generate the neutron data libraries available in [18] .
Since EM processes dominate over nuclear ones, it is necessary to use biasing techniques to reduce computation times. We use the generic biasing scheme provided by Geant4 with the same implementation that is found in the extended/biasing/GB01 example distributed with the source code. In our application, nuclear cross sections are enhanced by a given factor, hereafter referred to as bias factor, F B . Secondary neutrons are then generated with statistical weights which take into account this enhancement. If the bias factor is large enough, the weight of the initial α particle is increased along the tracking process to correct for the self shielding effects caused by the cross section biasing.
We have preformed simulations with different materials, nuclear data libraries, bias factors and maximum allowed step lengths. To verify our results, we compare the yields obtained by tallying the secondary neutrons (Y ) with the neutrons resulting from the convolution of the α particle flux with the neutron production cross section (Y r ),
where V is the volume of the material, N the atom density and Φ α (E) the α particle differential flux. We present some results to illustrate the performance of the application program in Tables 1 and 2 . Table 1 shows the results of several simulations performed with different bias factors. In all the cases, 10 MeV initial α particles are transported inside a 13 C volume. A detailed tracking of the α particles is performed, using a maximum allowed step length of 0.1 µm. To model the nuclear interactions the JENDL/AN-2005 [19] data library is used. Each row corresponds to a different simulation, performed with the bias factor given in the first column. n n is the total number of neutrons generated by 10 7 initial α particles. Y and ∆Y are, respectively, the neutron yield and its uncertainty due to counting statistics, obtained by tallying the secondary neutrons. The fifth column represents the uncertainty in the yield due to counting statistics, assuming the weights of all the neutrons are equal. Finally, the last column compares Y and Y r . Since the uncertainty in Y r due to counting statistics is very small compared to Y , the uncertainty values given in the fourth column are also valid for Y /Y r .
As expected, the number of secondary neutrons generated in the simulation increases with F B . This number saturates at some point between F B = 10 4 and F B = 10 5 , where in almost every event a neutron is generated. All the values of Y are consistent with Y r but the one obtained with F B = 10 6 , a bias factor at least one order of magnitude above the saturation value. The results show that, for reasonably large values of F B , below the saturation point, the amount of neutrons generated by Geant4 is in agreement with the expectations for the the cross sections in the nuclear data libraries. Similar results are obtained for other target nuclei, thus verifying in part the performance of the G4ParticleHP package and the biasing process.
The uncertainty in the obtained yields decreases with F B until reaching values close to saturation (F B = 10 4 ), and then it begins to increase. From the comparison between ∆Y and (n n ) −1/2 , it follows that up to F B = 10 3 all the neutrons generated have practically the same weight, i.e. the weight of the α particle do not change along the track. Above F B = 10 4 , ∆Y and (n n ) −1/2 have no longer the same value, indicating that the weight of the α particle increases along the track to account for self shielding effects due to the cross section enhancement. Table 2 displays the effect of varying the maximum allowed step length. The smaller the value of S max , the more detailed the tracking of the α particle is, which produces more precise yields, but requires longer computation times. Indeed, there is an almost linear relationship between S max and computation times. The best results are obtained with S max = 10 −4 mm. However, the deviations in the yields obtained with larger S max values may not be important in practice for many applications. Results do not improve with values of S max lower than 10 −4 mm.
To verify the correctness of the neutron energy spectra, we compare several spectra sampled by Geant4 at a fixed α particle energy with the original data present in the ENDF-6 format files. The Geant4 spectra are calculated with the extended/hadronic/Hadr03 example distributed with the source code. In this example, the spectra are obtained from Monte Carlo simulations, forcing collisions of an incident α particle at a fixed energy on a given material, and recording the energies of the resulting secondary neutrons. The ENDF-6 spectra are extracted from a program developed by the authors [17] ,that reads the ENDF-6 data libraries. The comparison of the spectra for various nuclei at several α particle energies displays an excellent agreement among the results of both methods. Two examples are presented in figure 1.
Alpha incident data libraries
At present, JENDL/AN-2005 [19] is the only publicly available evaluated ENDF-6 format library for α incident particles [20] . It contains neutron production cross sections and secondary neutron energy and angular distributions for the following isotopes: 6,7 Li, 9 Be, 10,11 B, 12,13 C, 14,15 N, 17,18 O, 19 F, 23 Na, 27 Al and 28, 29, 30 Si. In this context, the term evaluated means that experienced nuclear physicists has analyzed in detail the experimental data available, combining that information with theoretical models, performing a detailed study for each isotope.
Other (non-evaluated) ENDF-6 format data libraries are the TENDL [21] , which have been created from the output of the TALYS code [22] calculations. Three different versions of the TENDL libraries have been considered in our study: TENDL-2014 [23] , TENDL-2015 [24] and TENDL-2017 [25] . In the three cases, there are two different sub-versions of the library. In one of them all the non-elastic reactions are grouped together into a single channel. A total non-elastic cross section is provided together with the particle yield and energy-angular distribution of every secondary particle. The other sub-version contains explicit cross sections up to 30 MeV.
Having explicit reaction channels is a big advantage for some applications. It allows, for example, to generate neutrons in coincidence with γ-rays, which is crucial in calculations related to low background experiments. When all the non-elastic reactions appear together in a single channel, the information concerning secondary particle production is given as independent particle yields, without providing any correlation in the production of the dif- ferent secondary particles. Unfortunately, we have found that the TENDL sub-versions that include explicit reaction channels at low energies have not been constructed correctly for some isotopes. One example is given in figure 2 , where the two sub-versions of the 13 C(α,Xn) cross section in TENDL-2017 are plotted together. Contrary to the expectations, they differ significantly, due to a very high threshold in the sub-version with explicit channels. Note that the 13 C(α,n) 16 O reaction has no threshold. A similar situation can be found for TENDL-2014 and TENDL-2015, and for other isotopes such as 11 B, 14,15 N or 29, 30 Si. For this reason, we have excluded the TENDL sub-versions with explicit reaction channels from our study. In the rest of this document, whenever we refer to a TENDL library, we mean the sub-version with all the non-elastic channels together.
The TENDL and JENDL/AN-2005 neutron production cross sections of all the isotopes included in the JENDL/AN-2005 library are presented in figures 3 and 4. Cross sections are given at low energies, up to 10 MeV in all the cases but 12 C, 15 N and 28 Si, which have larger neutron production thresholds. The cross sections provided by the three TENDL libraries are quite similar for these isotopes, specially the ones corresponding to TENDL-2014 and TENDL-2017. Concerning the comparison between JENDL and TENDL, the latter provides larger neutron production cross sections in most of the cases, with a few exceptions.
It is worth highlighting the differences between the cross sections provided for 15 N. The values from TENDL are two orders of magnitude larger than the values from JENDL/AN-2005. The impact of this discrepancy on the calculation of neutron yields from α-decay is not big, since the 15 N(α,Xn) reaction has a threshold larger than most of the α-decay energies. However, these differences show that theoretical calculations could be quite far from reality, and thus neutron yield calculations from (α,Xn) reactions in isotopes with no experimental data should be taken with care.
We have also investigated the neutron energy spectra present in the different libraries. In the wide variety of spectra we studied, we observe that JENDL/AN-2005 seems to underestimate the energy of secondary neutrons in some cases. The energy spectra displayed in figure 5 are obtained for four distinct nuclei and different energies of the incident α particles. In the four cases the only opened channels are the A Z X(α,n i )
A+3
Z+2 Y, where i refers to the excited state of the residual nucleus: i = 0 for the ground state, i = 1 for the first excited state, and so on. In the JENDL/AN-2005 library each of the (α,n i ) channels appears explicitly, whereas in TENDL-2017 all of them are summed in a single channel. Since there are only two outgoing particles, the energy of a particle emitted with a specific scattering angle is determined by kinematics. In addition to JENDL/AN-2005 and TENDL-2017, we generated the spectra with a third different procedure (JENDL-XS), consisting in using the JENDL/AN-2005 cross sections but not the secondary particle production data. Instead, the neutrons are emitted in Geant4 by assuming an isotropic angular distribution in the center-of-mass system. JENDL-XS, as expected. There are differences in the spectra due the fact that JENDL/AN-2005 accounts for anisotropic angular distribution of neutrons. However, in the other three cases, 11 Be, 13 C and 18 O, these energy ranges differ significantly. The energies of the neutrons from JENDL/AN-2005 are lower than expected from two-body kinematics. On the other hand, the neutron energy spectra from TENDL-2017 have been probably averaged over a range of α particle energies, but the neutron energies are in the expected range. The energy spectra of TENDL-2014 and TENDL-2015 are not very different from those extracted from TENDL-2017.
Comparison with other codes and validation with experimental data
We have performed several calculations to compare Geant4 with the codes mentioned in Section 1: NeuCBOT, SOURCES, NEDIS and USD; as well as with experimental data. Since the neutron yields and energy spectra obtained with a code depend mainly on the databases used, we start by describing these databases.
SOURCES and NEDIS calculate the stopping powers using the data from [26] , USD and Geant4 from the ICRU 49 report [16] , and NeuCBOT from SRIM [27] .
The neutron production cross sections and energy spectra are extracted by SOURCES and NEDIS from their own cross section databases [7, 8] . In both cases, the neutron energy spectra are determined by two-body kinematics, from the neutron emission angle. SOURCES assumes an isotropic neutron angular distribution in the center-of-mass system and NEDIS accounts for anisotropic angular distributions in some cases. The cross section database distributed with SOURCES has a limit of 6.5 MeV in the energy of the incident α particle, for most of the isotopes. Hence, they do not cover the energy ranges of the 235 U, 238 U and 232 Th decay series, with α energies up to 7.39, 7.69 and 8.78 MeV, respectively. However, this database has been extended or replaced in various works [6, [28] [29] [30] [31] . Finally, NeuCBOT and USD take the neutron production cross sections and energy spectra from TALYS, whose output strongly depends on the input parameters used. As a consequence, two codes using TALYS do not produce the same result when they use different inputs to generate their databases.
Various comparisons between the different codes and with experimental data are found in [6, [30] [31] [32] . In the following lines, we describe the results obtained with Geant4, that extend the comparisons performed in [31] and [6] .
Fernandes et al. compare in [31] several experimental (α,n) yields with calculations performed with SOURCES, NEDIS-2.0 and USD. With SOURCES, they use a modified version of the database [28] , which rises the 6.5 MeV limit up to 10 MeV and utilises new cross sections. We extend their comparison with results from NeuCBOT and Geant4 in Table 3 . The results correspond to (α,n) yields in different materials, for the emission spectra of the 232 Th, 235 U and 238 U decay series in secular equilibrium. In Geant4, we include results from the JENDL/AN-2005 and the TENDL-2017 libraries. The graphs in figure 6 , depicted using the calculated-to-experimental ratios of the values in Table 3 , provide a clear overview of our resutls.
SOURCES agrees within 20% with the data measured for most materials. The largest discrepancies are found in C, UC, Si, SiO 2 and B, the latter only in the 232 Th series, the one with the largest α particle energies. These discrepancies are due to the C, Si and B neutron production cross sections [31] . NEDIS and G4-JENDL (Geant4 using the JENDL/AN-2005 library) are the results which better reproduce the experimental values, with an agreement better than 10% in most cases. The only discrepancy larger than 20% is the one from NEDIS-2.0 in Li in the 232 Th series. USD underestimates the neutron yields in almost all the tested cases, being the discrepancies as large as 80%. On the contrary, NeuCBOT and G4-TENDL (Geant4 using the TENDL-2017 library) overestimate the neutron yields in most cases. On average, NeuCBOT and G4-TENDL yields are, respectively, 60% and 40% larger than the measured values. These discrepancies might be justified by the fact that all threee codes, USD, NeuCBOT and G4-TENDL, use cross sections from TALYS, but presumably with different input parameters.
We also consider the comparison performed by Westerdale and Meyers in [6] . It focuses in materials common in low-background experiments, and it is performed between NeuCBOT, SOURCES and analytical calculations with experimental data. The version of SOURCES used here extends the neutron production cross section above 6.5 MeV with data from JENDL/AN-2005. They consider the same decay series as in the previous case, 232 Th, 235 U and 238 U, but now the 238 U decay chain is splitted into an upper and a lower chain. The upper chain 238 U upper contains all isotopes before 226 Ra and the lower chain 238 U lower , 226 Ra and its progeny. In addition, they also account for the 210 Pb decay chain, which is the last part of 238 U lower , consisting of 210 Pb and its progeny. This splitting is performed because in Target   Decay  Measured  SOURCES NEDIS  USD  NeuCBOT  Geant4  Geant4  Chain  JENDL TENDL- Table 3 . Measured and calculated neutron yields (neutrons per 10 6 α-decays) for the spectra of the 232 Th, 235 U and 238 U decay series in secular equilibrium. The measured values and those of SOURCES, NEDIS and USD are from [31] .
practice secular equilibrium of the 238 U decay chain may be broken due to different processes, but it is expected to be preserved in each sub-chain.
The results are shown in Table 4 . The list of materials is larger in [6] since only those with data in the JENDL/AN-2005 library are considered. The values in the table correspond to (α,n) yields in different materials, per 10 6 α-decays, for the emission spectra of the different decay chains. This normalization is the same as in Table 3 but different than the one in [6] , where the yields are given per decay of the parent nucleus, i.e. per decay of 232 Th in the 232 Th series, per decay of 235 U in the 235 U series, and so on. The two normalizations are related by a factor of 6 ( 232 Th), 7 ( 235 U), 3 ( 238 U upper ), 5 ( 238 U lower ) and 1 ( 210 Pb). We take the yields of NeuCBOT and SOURCES from [6] , and extend the comparison with Geant4 results. We use the two libraries JENDL/AN-2005 (G4-JENDL) and TENDL-2017 (G4-TENDL-2017), as they are those used in Table 3 . For some low-background experiments it is important to distinguish between neutrons emitted in coincidence with γ-rays and neutrons generated without γ-ray emission [4, 33] . For this reason, we also calculate the contribution to the G4-JENDL yields of the reactions that produce neutrons without emitting γ-rays, which in our case is predominantly the (α,n 0 ) reaction, with small additional contributions of the (α,np) or (α,nα) channels in some cases. This contribution is calculated only when the reaction channels involved appear separately. In JENDL/AN-2005, this occurs in all the nuclei but 27 Al and 28, 29, 30 Si.
The neutron yields from SOURCES and G4-JENDL are very similar, presumably because both results are based on very similar cross sections. The neutron yields from NeuCBOT are the highest ones in almost all cases, producing from 1.2 to 2.4 more neutrons than G4-JENDL and SOURCES. G4-TENDL-2017 values are in between, around 1.2 to 1.6 times larger than the ones of G4-JENDL and SOURCES, in most cases. These results show the same trend as in Table Concerning the energy spectra, we compare in figure 7 results from NeuCBOT and Geant4, using JENDL/AN-2005 and TENDL-2017. They correspond to the calculations performed with the 232 Th decay chain in secular equilibrium with the materials in Table 4 . The results of NeuCBOT and TENDL-2017, both from the TALYS code, are quite similar. JENDL/AN-2005 also produce similar spectra when the neutron production is dominated by F, Al or Si. On the contrary, the spectra obtained in Cirlex and Terephthalate are of a significantly lower energy than those obtained with NeuCBOT or TENDL-2017. This is because, as we pointed out in Section 3, JENDL/AN-2005 underestimates the energy of secondary neutrons in some cases. Other comparisons between spectra obtained with the different codes are in [6, 30, 31, 34] Table 4 . Neutron yields (neutrons per 10 6 α-decays) for the spectra of different decay chains in secular equilibrium, calculated with NeuCBOT, SOURCES and Geant4. The Geant4 calculations are performed with two different libraries: JENDL/AN-2005 (G4-JENDL) and TENDL-2017 (G4-TENDL-2017). We also show the contribution to G4-JENDL of the reactions that produce neutrons without emitting γ-rays (G4-JENDL * ). Table 3 . The error bars correspond to the propagation of the uncertainties in the experimental data. 
Conclusions
We have proved that Geant4 can be used to calculate neutron yields and energy spectra from (α,n) reactions. Geant4 uses the information compiled in data libraries originally written in the ENDF-6 format, so that the quality of the results will be determined by the quality of the data in these libraries. One of the main advantages of Geant4 over other codes (NeuCBOT, SOURCES, NEDIS and USD) that perform similar calculations is that, if the information in the data library allows it, Geant4 can generate γ-rays in coincidence with neutrons. Other advantages are the possibility of implementing geometries almost arbitrarily complex and that it allows to integrate in the same simulation the neutron generation and the neutron transport.
We have also reviewed the existing α particle incident ENDF-6 format databases, showing the differences and similarities among them. At this moment there are basically two different types: JENDL/AN-2005 and different versions of TENDL. JENDL/AN-2005 is an evaluated library and their (α,n) cross sections rely on experimental data. It only contain information of 17 isotopes, but they are the most relevant ones for many practical situations. We also found that the energy of secondary neutrons is underestimated in some cases. The TENDL data libraries have been created from the output of the TALYS code, so they cover a much larger amount of isotopes (∼2800), but results obtained with these libraries should be taken with care since they could deviate significantly from reality. For the isotopes tested, the cross sections in the different versions of the TENDL libraries considered (TENDL-2014, TENDL-2015 and TENDL-2017) do not differ more than 20%. Each of them have two different sub-versions, one with all the non-elastic channels grouped together into a single channel in the entire energy range, and the other with explicit cross sections up to 30 MeV. This second sub-version allows to generate neutrons in coincidence with γ-rays, whereas the first one does not. Unfortunately, we have found that the TENDL sub-versions which include explicit reaction channels at low energies have not been constructed correctly for some isotopes.
Several neutron yields and energy spectra from (α,n) reactions have been obtained with Geant4 and compared with experimental data and other codes. The neutron yields obtained with JENDL/AN-2005 agree better than 10% with the experimental data in most of the tested cases. Yields from TENDL-2017 tend to be larger than the experimental ones, and the size of the difference varies from case to case. Concerning the other tested codes, the results from NEDIS-2.0 and SOURCES are similar to those from JENDL/AN-2005, the USD code underestimates systematically the yields considered, and NeuCBOT overestimates them by 60% on average and up to more than a factor of 2 in some cases. The energy spectra from NeuCBOT and TENDL-2017 gave similar results, whereas JENDL/AN-2005 spectra have too low energies in some cases.
For some low-background experiments, it is important to distinguish between neutrons emitted in coincidence with γ-rays and neutrons generated without γ-ray emission. It is the latter that limit the sensitivity of detectors for dark matter direct search experiments. For this reason, we have calculated the contribution to the neutron yields of the reactions that produce neutrons without emitting γ-rays for some materials relevant for the mentioned experiments, using JENDL/AN-2005. For some cases, the obtained values are significantly lower than the (total) neutron yields obtained with other codes. For example, in the case of PTFE and Viton, these values are up to 6 and 4 times lower than the neutron yields from NeuCBOT and SOURCES, respectively.
